M
any pathogenic bacteria modulate the host actin assembly machinery to promote infection and spread. Enterohemorrhagic Escherichia coli (EHEC) O157:H7 is a food-borne pathogen that causes severe diarrhea that can be accompanied by hemolytic uremic syndrome with potentially fatal consequences. Pathogenesis of EHEC and a closely-related pathogen, enteropathogenic E. coli (EPEC), is associated with attaching and effacing lesions on the infected tissue, characterized by the loss of microvilli, an intimate attachment of the bacteria to host cells, and actin-filled pseudopods, termed actin pedestals, beneath sites of bacterial attachment. In this issue of PNAS, Vingadassalom et al. (1) identify a host factor that links 2 critical bacterial effector proteins during actin pedestal formation by EHEC.
Intimate association of EHEC and EPEC to the host cell is mediated by tight interactions between the bacterial proteins intimin and Tir (translocated intimin receptor) (2) . Tir is translocated directly into the host cell via the bacterial type III secretion system and inserts in the host cell plasma membrane as a hairpin loop in which the central loop is exposed on the host cell surface while the N and C termini are located in the cytoplasm. The ␤-barrel of intimin, which is embedded in the bacterial outer membrane, and the extracytoplasmic loop of Tir each form homodimers. Consequently, binding of intimin to the Tir extracellular loop is thought to lead to the formation of a reticular array between intimin and Tir molecules, resulting in Tir clustering that initiates a signaling cascade triggering the formation of actin pedestals beneath bacterial attachment sites.
Signaling downstream of EHEC Tir depends on a second translocated bacterial effector, EspF U (also known as TccP) (3, 4) . EspF U directly activates the nucleation promoting factor N-WASP (neuronal Wiskott-Aldrich syndrome protein), which in turn activates Arp2/3-mediated actin polymerization. A repeated domain of EspF U is a structural mimic of the autoinhibitory element in N-WASP, such that EspF U binding relieves N-WASP autoinhibition (5, 6) . Although Tir does not interact directly with EspF U , translocation of Tir and EspF U into cells is sufficient for the induction of pedestal formation, indicating that the two are indirectly linked via a cellular factor. Until now, the identity of this cellular factor was not known. Of note, during infection by EPEC, translocation of Tir is sufficient for actin pedestal formation because Tir EPEC clustering leads to recruitment of the host protein Nck, which directly binds and activates N-WASP.
In this issue of PNAS, Vingadassalom et al.
(1) present evidence that insulin receptor tyrosine kinase substrate (IRTKS), a member of the IRSp53 family of proteins, serves as a linker between Tir and EspF U . They demonstrate that proline-rich motifs within the repeats present at the C terminus of EspF U interact with the Src homology 3 (SH3) domain of IRTKS and that the C terminus of Tir interacts with the IRSp53/MIM homology domain (IMD) of IRTKS. They further show that IRTKS effectively recruits EspF U to Tir at the plasma membrane, beneath bacterial attachment sites, and that bacterial pedestal formation is abolished by depletion of IRTKS or ectopic expression of the IMD of IRTKS or IRSp53.
The C terminus of EspF U is composed of 2-7 nearly-identical 47-residue repeats. Each repeat consists of an Nterminal hydrophobic segment critical for binding to and activating N-WASP and a C-terminal segment that contains repeats of the sequence PxxP, which is known to be recognized by SH3 domains. Vingadassalom et al. (1) show that EspF U forms a ternary complex with the SH3 domain of IRTKS and the GTPase binding domain (GBD) of N-WASP. Although not addressed by this analysis, because the EspF U derivative used in these experiments contained 5 repeats, it will be interesting to determine whether the proximity of the binding sites on a single repeat of EspF U permits simultaneous occupation by IRTKS and N-WASP. Each 47-residue repeat in a single EspF U molecule has the capacity to bind an N-WASP GBD, and EspF U derivatives containing increasing numbers of repeats display proportional increases in N-WASPmediated actin assembly in a variety of in vitro and in vivo assays (5, 6) . If each repeat of a single EspF U molecule is also able to bind an SH3 domain of IRTKS, which has not yet been tested, then the net effect might be to generate a reticular array of Tir molecules bound to IRTKS, in turn linked to one of the repeats of an EspF U molecule. This array, combined with the proximity of bound IRTKS and N-WASP may promote the clustering of multiple copies of each molecule into a scaffold that promotes highly-efficient actin assembly. At a minimum, the presence of multiple N-WASP binding sites on each EspF U molecule provides the capacity for significant amplification of the actin assembly potential at this level, which is supported by experimental data showing that each additional repeat in EspF U effectively increases and amplifies N-WASP activity, with maximal activity reaching the same level as unregulated N-WASP (6) .
Members of the IRSp53 family of proteins are signaling molecules containing an SH3 domain that interacts with proline-rich sequences in actin regulators, an IMD [or inverse Bin-amphiphysinRvs167 (I-BAR) domain], and multiple protein interaction domains. Another group (7) has recently presented evidence that a second member of this protein family, IRSp53, serves as a molecular link between EHEC Tir and EspF U . Although the reasons for the differences in these 2 studies are unclear, the finding that 2 highly-related proteins may serve a similar function in EHEC pedestal formation raises an important question. The human proteome contains nearly 300 SH3 domain-containing proteins. What about the IRSp53 family of proteins has led EHEC to evolve to use its members to bring together Tir and the cellular actin assembly machinery?
One possibility lies in the ability of the IMDs of IRSp53 family members to deform membranes. The BAR domain superfamily of proteins function in membrane deformation and remodeling in eukaryotes. The canonical BAR domain is a homodimer that forms a curved structure and binds membrane phospholipids via positively-charged residues. Most BAR, F-BAR, and N-BAR domains cause concave deformations of membranes, inducing membrane invaginations; members of this subfamily are involved in diverse functions, including endocytosis and vesicle trafficking, cellto-cell fusion, signal transduction, ion fluxes, and apoptosis (8) . In contrast, the IMDs fall within the I-BAR subfamily of BAR domains and cause convex deformation of membranes, inducing membrane protrusions; members of this subfamily, including IRSp53, have been shown to be involved in filopodia formation. Although BAR domain proteins have not been identified in bacteria, a recent report (9) describes the ability of the Bacillus subtilis peripheral membrane protein SpoVM to recognize the outer surface of spherical bacterial membranes or vesicles; although the structure of SpoVM has not yet been determined, the protein differs from known BAR domain proteins in that it forms an amphipathic ␣-helix with the hydrophobic face buried in the membrane and the positively-charged surface exposed (10) .
The IMD forms a 6-helix-bundle homodimer that adopts a ''zeppelinshaped'' structure. Positively-charged amino acids thought to participate in membrane binding are concentrated at either ends of the dimer. The IRTKS and IRSp53 IMDs are homologous and biochemically similar (11) . Each interacts with phosphatidylinositol 4,5-bisphosphate in the membrane and bends the membrane via electrostatic forces (11) . Expression of IMD from IRSp53 or IRTKS in cells produces filopodia-like protrusive structures of the plasma membrane, and interaction of these IMDs with phospholipidcontaining membrane vesicles in vitro induces the formation of membrane tubules (11, 12) . Within IMD-induced filopodia, the IMD lies just beneath the membrane, associated with the inner leaflet of the membrane and the periphery of the central actin bundle (12) .
EHEC actin pedestals are characteristic actin-filled projections from the cell surface that resemble broad-based filopodia. The recruitment of IMDs to this structure raises the possibility of their playing a role in tethering actin filaments to the membranes of the pedestal and inducing membrane curvature within the pedestal. IRTKS and IRSp53 localize predominantly to the apical region of the pedestal (1, 7), suggesting that any role of their IMDs in membrane curvature either would be limited to the pedestal apex or would transpire dynamically along the height of the pedestal during actin pedestal formation (Fig. 1) . Further experiments will be needed to test whether the membranedeforming function of the IMDs is important to pedestal formation or morphology and is exclusive of its role in binding Tir or the role of IRTKS in actin polymerization.
